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NOMENCLATURE 
boom t o r s i o n a l  s t i f f n e s s  (see f o o t n o t e  t o  eq.  ( 4 ) )  
dimensionless C y  C/LuoLI1 
r o l l  and yaw damping c o e f f i c i e n t s  of body damper 
dimensionless DR and D y ,  D R / ~ ~ I ~ ,  D y / w o I 1  
damping c o e f f i c i e n t  of boom (excluding t i p  damper) 
dimensionless Db, Db/woI1 
damping c o e f f i c i e n t  of t i p  damper 
dimensionless DT, DT/woI1 
p i t c h  wheel angular  momentum 
dimensionless h 2 k ,  h2k/wo11 
r o l l  and yaw moments of i n e r t i a  of body damper mass 
dimensionless i R  and iy, i R / I l ,  i y / I 1  
s a t e l l i t e  p r i n c i p a l  moments of i n e r t i a  
dimensionless 13, 1 3 / 1 1  
a x i a l  moment of i n e r t i a  of boom inc lud ing  t h e  o u t e r  s h e l l  of t h e  
t i p  damper 
dimensionless Ib ,  I b / I 1  
dimensionless i n e r t i a  parameter,  ( I 1  - I 3 ) / I ]  
thermal to rque  g r a d i e n t  with r e s p e c t  t o  boom t w i s t  ( cons t an t  sun 
dimensionless K 1  , K l / w o 2 1 1  
thermal torque g r a d i e n t  with r e s p e c t  t o  t h e  sun angle  a t  t h e  r o o t  
( cons t an t  boom p r e t w i s t )  
dimensionless K 2 ,  K 2 / w o 2 1 1  
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WO 
E 
u n i t  v e c t o r s  de f in ing  t h e  r o l l , p i t c h , a n d  yaw axes system f i x e d  i n  - - - - - 
t h e  s a t e l l i t e .  I n  equ i l ib r ium m l  = 01, m2 = 02, m 3  = O 3  
- 
u n i t  v e c t o r s  d e f i n i n g  t h e  o r b i t a l  r e f e r e n c e  frame ( f i g .  l ) ,  02 
i s  along t h e  normal t o  t h e  o r b i t a l  p l ane  i n  a d i r e c t i o n  
oppos i t e  t o  t h e  o r b i t a l  angu la r  v e l o c i t y  v e c t o r ,  0 3  
t h e  c e n t e r  of t h e  e a r t h  and 
coord ina te  system 
i s  toward 
61 completes a r i g h t  handed 
Laplace t ransform v a r i a b l e  
dimensionless s ,  s/wo 
thermal to rque  
e x t e r n a l  t o rques  about t h e  r o l l  and yaw axes 
e x t e r n a l  t o rque  a c t i n g  on t h e  boom 
s a t e l l i t e  r o l l  and yaw angles  r e l a t i n g  t h e  m l , m 2 , m 3  v e c t o r s  t o  
- - -  
t h e  61,62,63 v e c t o r s  
angle  o f  t w i s t  of  t h e  boom t i p ,  r e l a t i v e  t o  the  o r b i t a l  r e f e r e n c e  - 
frame, about t h e  0 3  a x i s  
angle  of  r o t a t i o n  of t h e  boom, r e l a t i v e  t o  t h e  o r b i t a l  r e f e r e n c e  
frame, about t h e  61 a x i s  
angle  of t w i s t  of t h e  boom t i p  r e l a t i v e  t o  t h e  boom r o o t ;  i n  
= 0 by d e f i n i t i o n  'b/m equ i l ib r ium,  
r e c i p r o c a l  of t h e  thermal time c o n s t a n t  
dimensionless  A ,  h/w0 
o r b i t a l  angu la r  v e l o c i t y  of t h e  s a t e l l i t e  
o r b i t a l  e c c e n t r i c i t y  
i v  
INFLUENCE OF BOOM TORSIONAL R I G I D I T Y  AND THERMALLY INDUCED 
TORSION ON THE STABILITY OF A SEMIPASSIVE 
GRAVITY - STAB I L I ZED SATE L L I TE 
Vernon K .  Merrick and Bruce E .  T i n l i n g  
Ames Research Center 
SUMMARY 
A semipassive g r a v i t y - s t a b i l i z e d  s a t e l l i t e  has been observed t o  have 
l a r g e  and unexpected yaw o s c i l l a t i o n s .  A l i n e a r i z e d  s t a b i l i t y  a n a l y s i s  demon- 
s t r a t e s  t h a t  t h e  o s c i l l a t i o n s  may be caused by t h e r m o e l a s t i c  torques generated,  
i n  a boom, by s o l a r  r a d i a t i o n .  
Thermoelastic torque g r a d i e n t s  a r e  inf luenced by boom t w i s t  and by 
r o t a t i o n  of t h e  e n t i r e  boom about i t s  a x i s .  Unstable o s c i l l a t i o n s  w i l l  occur 
a t  a frequency c l o s e  t o  t h e  s a t e l l i t e  n a t u r a l  yaw frequency i f  K 1  - K 2  > C / L ,  
where K 1  and K, a r e  t he  the rmoe las t i c  torque g r a d i e n t s  with r e s p e c t  t o  t w i s t  
and r i g i d  r o t a t i o n ,  C i s  t h e  boom t o r s i o n a l  s t i f f n e s s ,  and L t h e  l eng th .  
I t  i s  shown t h a t  i f  t h e  i n s t a b i l i t y  i s  confined t o  t h e  yaw frequency, it can 
be removed a t  l i t t l e  c o s t  by t h e  a d d i t i o n  of damping t o  t h e  main s a t e l l i t e  
body. 
A l abo ra to ry  t es t  f o r  t he  presence of t he  i n s t a b i l i t y  i s  suggested.  
INTRODUCTION 
Gravi ty  s t a b i l i z a t i o n  promises t o  provide an inexpensive,  r e l i a b l e ,  and 
long- l i v e d  means of o r i e n t i n g  a s a t e l l i t e  payload toward t h e  e a r t h .  Unfortu- 
n a t e l y ,  t h e  performance of most g r a v i t y - s t a b i l i z e d  s a t e l l i t e s  i n  o r b i t  has 
f a l l e n  s h o r t  of t h e  a n a l y t i c a l  p r e d i c t i o n s .  Three-axis s t a b i l i z e d  s a t e l l i t e s ,  
i n  p a r t i c u l a r  , have been no tab ly  poor performers .  The unpredicted performance 
c h a r a c t e r i s t i c s  are l a r g e  o s c i l l a t i o n s  about a l l  axes ,  occas iona l  i nve r s ions  
about t h e  e a r t h  p o i n t i n g  a x i s ,  and i n  one case i n v e r s i o n s  about a t r a n s v e r s e  
a x i s  ( r e f s .  1, 2 ,  3 ) .  
Common t o  a l l  t h e  g r a v i t y - s t a b i l i z e d  s a t e l l i t e s  t h a t  have performed 
poorly i s  t h e  use of long e x t e n d i b l e  t u b u l a r  members (booms). Analysis and 
support ing experiments have demonstrated t h a t  t h e s e  booms can o s c i l l a t e  i n  
s u n l i g h t  because of thermoelast- ic  i n s t a b i l i t y  ( r e f s .  4 , 5 ,  6 ) .  In  p a r t i c u l a r ,  
i n s t a b i l i t y  can be caused by thermally induced torques ( r e f .  5) o r  by t h e r -  
mally induced bending moments ( r e f .  6 ) .  Although,in a given boom,both thermal 
torques and thermal bending moments are p r e s e n t  and are coupled, i t  has been 
shown t h a t  boom leng th  i s  a s i g n i f i c a n t  f a c t o r  i n  dec id ing  which of t h e s e  
thermal effects w i l l  predominate ( r e f .  4) .  Thermal to rques  are most important 
f o r  s h o r t  booms and thermal bending moments f o r  long booms. 
Over t h e  p a s t  t h r e e  y e a r s ,  evidence has accumulated t o  support  t h e  
con jec tu re  t h a t  t h e r m o e l a s t i c  i n s t a b i l i t i e s  are t h e  cause o f  t h e  poor p e r f o r -  
mance of g r a v i t y - s t a b i l i z e d  s a t e l l i t e s  ( r e f .  1 ) .  Support ing evidence c o n s i s t s  
mostly o f  obse rva t ions  of low-amplitude o s c i l l a t i o n s  a t  t h e  boom f l e x u r a l  f r e -  
quencies t h a t  o f t e n  accompany t h e  l a r g e  o s c i l l a t i o n s  a t  t h e  r i g i d  body f r e -  
quencies ( r e f s .  1, 2 ) .  I n t e r p r e t a t i o n  of t h i s  evidence would be immeasurably 
easier i f  comprehensive mathematical models of t h e  v a r i o u s  s a t e l l i t e s  could be 
developed t h a t  included t h e r m o e l a s t i c  effects.  
l i z e d  s a t e l l i t e s  have a t  least  t h r e e  booms, such a model i s  l i k e l y  t o  be 
extremely complex. 
g r a v i t y - s t a b i l i z e d  s a t e l l i t e  of a uniquely s imple design ( f i g .  1 ) .  Further-  
S ince  most t h r e e - a x i s  s t a b i -  
One important  except ion is  a r e c e n t l y  launched semipassive 
more, t h e  anomalous behavior  of t h i s  
s a t e l l i t e  i s  s t r i k i n g l y  s imple.  
This s a t e l l i t e  w a s  launched by t h e  
Naval Research Laborator ies  and i s  
i n  a c i r c u l a r ,  1000-km a l t i t u d e  
o r b i t  i n c l i n e d  a t  roughly 70' t o  
t h e  equa to r .  
Magnetically anchored 
damper 
The semipassively s t a b i l i z e d  
s a t e l l i t e  uses  a s i n g l e  boom t o  
connect an almost s p h e r i c a l  main 
body and a s p h e r i c a l  magnet ical ly  
anchored damper ( r e f .  7 ) .  The main 
body con ta ins  a cons t an t  speed wheel 
with i t s  s p i n  v e c t o r  normal t o  t h e  
boom a x i s .  Rol l  and p i t c h  s t a b i l i -  
z a t i o n  come d i r e c t l y  from t h e  grav- 
i t y  to rques  and yaw s t a b i l i z a t i o n  
from t h e  ,gyros copi c p r e c e s s i o n a l  
torques t h a t  tend t o  a l i n e  t h e  s p i n  
v e c t o r  of t h e  wheel with t h e  o r b i t a l  
angular  v e l o c i t y  v e c t o r .  Rotat ion 
of t h e  s a t e l l i t e  about any a x i s  i s  
damped d i r e c t l y  by t h e  magnet ical ly  
anchored damper. 
Figure 1 .- Semipassive gravity-stabilized satellite. 
On s e v e r a l  occasions t h e  
s a t e l l i t e  has  been observed t o  o s c i l -  
l a te  cont inuously i n  yaw a t  a f r e -  
quency c l o s e  t o  t h e  n a t u r a l  r i g i d  body frequency. 
o s c i l l a t i o n  appears t o  be r e l a t e d  t o  t h e  ang le  between t h e  s u n l i n e  and t h e  
o r b i t  normal, reaching a maximum of about 30' when t h e  s u n l i n e  i s  c l o s e s t  t o  
t h e  o r b i t  normal. S ince  t h e  u n s t a b l e  o s c i l l a t i o n s  occur about an a x i s  a l i n e d  
with the  t o r s i o n a l  a x i s  of t h e  boom, which i s  known t o  be t o r s i o n a l l y  weak, i t  
i s  r e l e v a n t  t o  i n q u i r e  i n t o  t h e  e f f e c t  of boom s t i f f n e s s  on t h e  damping of t h e  
yaw mode. 
important purpose i s  t o  o u t l i n e  t h e  r e s u l t s  of an i n v e s t i g a t i o n  t o  determine 
i f  thermal torques induced i n  t h e  boom could d e s t a b i l i z e  t h e  s a t e l l i t e  i n  yaw. 
The amplitude of t h e  
This i s  one of t h e  purposes of t h i s  s tudy .  The second and more 
2 
A simple l i n e a r i z e d  a n a l y s i s  i s  p resen ted ,  which inc ludes  t h e  r o l l  and 
yaw degrees of freedom of t h e  s a t e l l i t e  and t h e  t w i s t  degree of freedom of t h e  
boom. I n  t h i s  a n a l y s i s  a number of assumptions are made, p a r t i c u l a r l y  with 
r e s p e c t  t o  t h e  form o f  t h e  t h e r m o e l a s t i c  effects.  
suggested by t h e  r e s u l t s  o f  r e f e r e n c e s  4 and 5 and permit  a s imple r ep resen ta -  
t i o n  o f  t hose  a s p e c t s  o f  t h e r m o e l a s t i c  boom behavior  thought t o  be r e l e v a n t  t o  
t h e  p r e s e n t  i n v e s t i g a t i o n .  
s a t e l l i t e  s t a b i l i t y ,  t o  assess t h e  r e l a t i v e  importance o f  t h e  va r ious  satel-  
l i t e  parameters and t o  e v a l u a t e  t h e  e f f e c t i v e n e s s  of a p a s s i v e ,  body-mounted 
damper on t h e  s t a b i l i t y  of t h e  sa te l l i t e .  F i n a l l y ,  a s imple l abora to ry  t e s t  
i s  o u t l i n e d  t h a t  could p rov ide  a s t r o n g  i n d i c a t i o n  of whether o r  n o t  t h e  boom 
t h e r m o e l a s t i c  p r o p e r t i e s  can s i g n i f i c a n t l y  degrade t h e  performance of t h e  
s a t e l l i t e .  
These assumptions were 
The a n a l y s i s  i s  used t o  formulate  a c r i t e r i o n  f o r  
DERIVATION OF THE STABILITY POLYNOMIAL 
The equat ions of motion of t h e  s a t e l l i t e  a r e  based on t h e  assumption t h a t  
t h e  only s i g n i f i c a n t  s t r u c t u r a l  f l e x i b i l i t y  i s  t h a t  of boom t w i s t .  I t  i s  
assumed, f u r t h e r ,  t h a t  t h e  i n n e r  magnetic sphere of t h e  boom t i p  damper 
( r e f .  7 )  i s  r i g i d l y  locked t o  t h e  o r b i t a l  r e f e r e n c e  frame ( f i g .  1 ) .  The j u s t i -  
f i c a t i o n  f o r  t h i s  i d e a l i z e d  r e p r e s e n t a t i o n  of t h e  damper i s  t h a t  t h e  n a t u r a l  
f requencies  of v i b r a t i o n  of t h e  magnetic i n n e r  sphere a r e  much h ighe r  t han  
those of t h e  main s a t e l l i t e  and t h e  a x i s  about which t h e  magnetic torque i s  
zero r a r e l y  co inc ides  with one of t h e  s a t e l l i t e  s t a b i l i z a t i o n  axes.  
e f f e c t s  of t h i s  assumption a r e  t o  remove t h e  dynamics of t h e  magnetic i n n e r  
sphere of t h e  damper from t h e  problem and t o  make t h e  damping c o e f f i c i e n t  t h e  
same about a l l  axes .  For a r i g i d  s a t e l l i t e ,  t h e  assumption maintains  t h e  
usual  decoupling between t h e  p i t c h  and roll-yaw motions.  Fo r tuna te ly ,  t h e  
a d d i t i o n  of t h e  boom t w i s t  degree of freedom t o  t h e  otherwise r i g i d  s a t e l l i t e  
does not  a f f e c t  t h i s  decoupl ing,  b u t  i n f luences  only t h e  roll-yaw s t a b i l i t y .  
Consequently, only t h e  r o l l ,  yaw, boom t w i s t ,  and thermal to rque  equat ions a r e  
needed t o  f u l l y  d e f i n e  t h e  problem. 
The 
The l i n e a r i z e d  r o l l  and yaw equat ions of a r i g i d  s a t e l l i t e  with a 
cons t an t  speed p i t c h  wheel are w e l l  known. 
from r e f e r e n c e  8 (eq. ( 2 3 ) ) .  
Those given below have been taken 
where 
1 1 , 1 2 , 1 3  p r i n c i p a l  moments of i n e r t i a  of t h e  s a t e l l i t e  
'm/o"m/o r o l l  and yaw angles  of t h e  s a t e l l i t e  r e l a t i v e  t o  t h e  o r b i t a l  frame 
WO o r b i t a l  angular  v e l o c i t y  
h2k angular  momentum o f  t h e  constant-speed wheel 
C T 1 , C T 3  r o l l  and yaw torques (o the r  than those  due t o  g r a v i t y )  
I t  has  been assumed i n  equat ions (1) and (2)  t h a t  f o r  t h i s  t ype  of s a t e l l i t e ,  
t h e  p i t c h  and r o l l  moments of i n e r t i a  are equal  (12 = 11) and t h e  b o o m i n e r t i a  - . 
about i t s  a x i s  Ib  i s  small compared with t h e  yaw i n e r t i a  of t h e  s a t e l l i t e  
( I b / l 3  << 1 ) .  S ince  t h e  only to rques ,  about t h e  r o l l  a x i s ,  o t h e r  than. t hose  
due t o  g r a v i t y ,  arise from t h e  a c t i o n  of t h e  damper, i t  fol lows t h a t  
where DT i s  t h e  t i p  damper c o e f f i c i e n t .  I t  i s  now necessa ry  t o  s p e c i f y  an 
assumed model f o r  t h e  the rmoe las t i c  behavior  of t h e  boom. 
i s  t h a t  t h e  boom behaves as if i t  had equal b u t  oppos i t e .  thermal torques 
app l i ed  t o  i t s  ends. Thus, t h e  n e t  e x t e r n a l  torque a c t i n g  on t h e  boom i s  zero.  
The magnitude of t h e  thermal torque i s  such t h a t  i t  t w i s t s  t h e  boom through an 
angle  whose va lue  i s  equal  t o  t h a t  caused by t h e  t h e r m o e l a s t i c a l l y  induced 
thermal s t r e s s e s .  
I t  fol lows t h a t  t h e  torque about t h e  yaw a x i s  of t h e  main body of t h e  s a t e l -  
l i t e  i s  t r a n s m i t t e d  by t h e  boom and must i nc lude  t h e  e f f e c t  of t h e  thermal 
torque and boom i n t e r n a l  damping. Thus, 
The assumption h e r e  







angle  of t w i s t  of t h e  boom t i p  r e l a t i v e  t o  t h e  main body, measured 
p o s i t i v e  along t h e  $3 a x i s  
length of  t h e  boom 
t o r s i o n a l  s t i f f n e s s  of t h e  boom1 
i n t e r n a l  damping c o e f f i c i e n t  of t h e  boom i n  t w i s t  
thermal t o rque  measured p o s i t i v e  along t h e  m3 a x i s  
~~ 
lThe d e f i n i t i o n  of C i s  simply t h e  s t i f f n e s s  t h a t  would be obtained 
from a s t r u c t u r a l  t e s t  on a boom of t h e  c o r r e c t  length m u l t i p l i e d  by t h e  boom 
leng th .  Thus, C i s  n e i t h e r  t h e  conventional t o r s i o n a l  s t i f f n e s s  nor  t h e  
warping s t i f f n e s s  b u t  a func t ion  of both.  
4 
By analogy t o  equat ion (2), t h e  equat ion of motion of t h e  boom about i t s  
a x i s  i s  
where 
e f f e c t i v e  i n e r t i a  of t h e  boom, inc lud ing  t h e  o u t e r  s h e l l  of t h e  t i p  
damper, about t h e  boom a x i s  
'b 
angle of t w i s t  of  t h e  boom t i p , r e l a t i v e  t o  the  o r b i t a l  frame, about 
t h e  o3 a x i s  'b/o 
angle  of r o t a t i o n  of boom t i p ,  r e l a t i v e  t o  t h e  o r b i t a l  frame, about 
t he  01 a x i s  'b/o 
x T b  e x t e r n a l  torques a c t i n g  about t h e  boom a x i s  
I t  fo l lows ,  immediately, t h a t  
- 
'b/o - 'b/m + 'm/o 
'b/o - 'm/o 
- 
The torque a c t i n g  about t h e  boom a x i s  can be expressed i n  t h e  form 
I t  now remains t o  develop a 
I s u i t a b l e  thermal torque r e l a t i o n s h i p .  
+Sun dlrectly over 
outer seom at For a 10 - f t - long  boom blackened on t h e  
2 n  I clamped root o u t s i d e  and having a simple open over- 
I lapped cross s e c t i o n ,  f i g u r e  2 ( r e f .  4 ,  
f i g .  31) shows t h e  v a r i a t i o n  of 
E 
\ Pretwlst. rad/m thermally induced t i p  t w i s t  with angle  
.257 of t h e  sun,  r e l a t i v e  t o  t h e  seam, P 
z *  a t  the  r o o t  Qsun. Curves a r e  p re -  
a 029 sen ted  f o r  t h e  boom with no p r e t w i s t  
f 
"7 
and with va r ious  values  of l i n e a r  p re -  
t w i s t  $p re .  I t  fol lows t h a t  f o r  a 
given boom, t h e  thermal t w i s t  and 
t h e r e f o r e  t h e  thermal torque a r e  given 
t 
by 
n / 2  77 3 ~ / 2  27T 
S u n  angle q',,, 
Figure 2.- Variation of thermally induced tip twist with 
relative sun orientation for booms having linear 
pretwist. 
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I t  fol lows from equa t ion  (8) t h a t  f o r  small d e v i a t i o n  about some p o i n t ,  
Suppose, now, t h a t  t h e  s a t e l l i t e  i s  i n  equ i l ib r ium.  A t  t h i s  p o i n t  t h e  boom 
w i l l  have an equ i l ib r ium thermal t w i s t  and t h e r e f o r e  an equ i l ib r ium thermal 
torque.  This  w i l l  i n  no way change t h e  o r i e n t a t i o n  of t h e  body, however, and 
i r r e s p e c t i v e  of how t h e  boom i s  twi s t ed ,  #m/o = 0. 
t h a t  s i n c e  we are concerned only with changes about ' the equ i l ib r ium s t a t e ,  TT 
and $b/m 
t i p  t w i s t  can be charged t o  p r e t w i s t .  The re fo re ,  f o r  small v a r i a t i o n s  about 
equ i l ib r ium,  equat ion (9) can be expressed as 
I t  i s  clear,  moreover, 
can b e  de f ined  t o  b e  zero i n  t h i s  s t a t e ;  t h a t  i s ,  t h e  equ i l ib r ium 
Equation (10) r e p r e s e n t s  t h e  s t e a d y - s t a t e  thermal to rque  r e s u l t i n g  from small 
changes i n  $m/o and $b/" 
changes of TT can be expressed as a s imple exponen t i a l  l a g  ( r e f .  5 ) ;  t h e r e -  
f o r e ,  t h e  expres s ion  r e p r e s e n t i n g  t h e  dynamic behavior  of t h e  thermal torque 
must be of t h e  form 
However, it has been shown t h a t  t h e  t r a n s i e n t  
af 
'm/ o + A -  
a f  
'b/m a$sun a @pre 
TT + ATT = A -
Equation (11) i s  of t h e  same form as t h e  last  of equat ions (17) of r e f e r e n c e  5 .  
The a n a l y s i s  of r e f e r e n c e  5 i s  f o r  a boom wi th  zero p r e t w i s t ,  however, and 
equat ion (11) can b e  regarded as a g e n e r a l i z a t i o n  of equat ions (17) of r e f e r -  
ence 5.  Equation (11) w i l l  be  used i n  t h e  form 
where 
a f  and K 2  = - 
a'pre %un 
a f  
K 1  = - 
The value of K 2  
p r e t w i s t  pas s ing  through t h e  equ i l ib r ium p o i n t .  S i m i l a r l y ,  t h e  value of K 1  
i s  p ropor t iona l  t o  t h e  s l o p e  of a curve t h a t  i s  t h e  c r o s s p l o t  of those shown 
i n  f i g u r e  2 f o r  t h e  cons t an t  equ i l ib r ium va lue  of t h e  sun ang le .  Both K 1  and 
K2 can be c a l c u l a t e d  f o r  t h e  s imple,  open-cross-sect ion booms t r e a t e d  i n  
r e fe rences  4 and 5. However, t h e  s a t e l l i t e  under cons ide ra t ion  used a type of 
boom ( see  f i g .  1) c o n s i s t i n g  of one open s e c t i o n  s h e l l  i n s i d e  another  open sec -  
t i o n  s h e l l  with i n t e r l o c k i n g  t a b s  pas s ing  from one s e c t i o n  t o  t h e  o t h e r  
i s  p r o p o r t i o n a l  t o  t h e  s l o p e  of t h e  curve of cons t an t  
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( f i g .  1 ) .  This t ype  of boom, c a l l e d  by t h e  manufacturers an i n t e r l o c k e d  
BISTEM, has a complex c ross  s e c t i o n  and is  no t  r e a d i l y  analyzed. Therefore ,  
t h e  s t a b i l i t y  of t h e  s a t e l l i t e  system w i l l  b e  examined f o r  va r ious  values  of 
K 1  and Kp. 
The set  of equat ions (1) through (7) and (12) completely d e f i n e  t h e  
sate1 l i t e  roll-yaw s t a b i l i t y  . With a p p r o p r i a t e  s u b s t i t u t i o n s  t h e s e  equat ions 
can b e  reduced t o :  
The s t a b i l i t y  of t h e  s a t e l l i t e  i s  t h e r e f o r e  given by t h e  fol lowing polynomial, 
given h e r e  i n  dimensionless determinant  form. 
= 0 (17) 
where 
Ib* = I b / I 1 ,  hak = h2k/w011, C* = C / L w o 2 1 1 ,  K 1 *  = K l / w o 2 1 1 ,  K 2 *  = K 2 / w o 2 1 1 ,  
A*  = X/wo, and s 
s* = s/wo, D ~ *  = D T / ~ ~ I ~ ,  D ~ *  = Db/woI1, ~1 = ( I ~ - I ~ ) / I ~ ,  ~ *  = 13/11 ,  
i s  t h e  convent ional  Laplace t ransform v a r i a b l e .  
The development of t h e  s t a b i l i t y  polynomial must now be expanded t o  
inc lude  t h e  effects of p a s s i v e  damping added, t o  t h e  main s a t e l l i t e  body, about 
both t h e  r o l l  and yaw axes.  This  i s  a s t r a i g h t f o r w a r d  procedure invo lv ing  t h e  




Matrix of t h e  
determinant  given 













i * s * + D  * 
Y Y 
where 
DR damping c o e f f i c i e n t  of body damper i n  r o l l  
damping c o e f f i c i e n t  of body damper i n  yaw DY 
iR moment of i n e r t i a  of body damper mass about t h e  r o l l  a x i s  
moment of i n e r t i a  of  body damper mass about t h e  yaw a x i s  iY 
and 
s * ~  
t h e  f a c t  t h a t  t h e  damper mass has  no p r e f e r r e d  p o s i t i o n  i n  e i t h e r  r o l l  o r  yaw. 
DR* = DR/woI1, Dy* = D y / w o I , ,  i R *  = i R / I l ,  i * = i y / I 1 .  
term has been f a c t o r e d  out of equat ion (18);  t h i s  term merely r e p r e s e n t s  
Note t h a t  an Y 
A s t anda rd  d i g i t a l  computer program was used t o  e x t r a c t  t h e  r o o t s  o f  
equat ion (18) .  
ANALYSIS OF THE STABILITY POLYNOMIAL 
There i s  l i t t l e  hope o f  d e r i v i n g  a n a l y t i c a l  r e l a t i o n s h i p s  t h a t  determine 
t h e  s t a b i l i t y  from t h e  c h a r a c t e r i s t i c  equat ion of t h e  e n t i r e  s a t e l l i t e  system. 
A more t r a c t a b l e  approach i s  t o  first s i m p l i f y  t h e  equa t ions ,  by us ing  p r i o r  
information about t h e  behavior  of  t h e  system, and then  cons ide r  c e r t a i n  l i m i t -  
i ng  cases  wherein one o r  more of t h e  parameters are assumed t o  be e i t h e r  very 
l a r g e  o r  very small. The l i m i t i n g  behavior o f  t h e  system can provide u s e f u l  
information,  and even approximate s o l u t i o n s ,  t h a t  g i v e  i n s i g h t  i n t o  how ce r -  
t a i n  parameters i n f l u e n c e  s t a b i l i t y .  The u l t i m a t e  j u s t i f i c a t i o n  f o r  t h i s  
approach l i e s  i n  how well t h e s e  s o l u t i o n s  ag ree  with those  computed from 
equat ion (17).  This  comparison i s  made i n  t h e  nex t  s e c t i o n .  
Since t h e  r o l l  and yaw degrees o f  freedom are coupled, both through t h e  
o r b i t a l  motion and t h e  constant-speed wheel, i t  i s  n o t  s t r i c t l y  a c c u r a t e  t o  
speak of a yaw o r  r o l l  s t a b i l i t y  as though t h e  two were independent.  However, 
t h e  coupling i s  of such a form t h a t  r o l l  and yaw r e t a i n  a measure o f  t h e i r  
independence and t h e  terms " r o l l  s t a b i l i t y "  and "yaw s t a b i l . i t y "  a r e  meaningful 
Since t h e  boom axis  coincides  with t h e  yaw a x i s  it seems reasonable  t o  presume 
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t h a t  t h e  p r i n c i p a l  e f f e c t s  of boom t o r s i o n  w i l l  be  f e l t  about t h e  yaw a x i s .  
These obse rva t ions  i n d i c a t e  one p o s s i b l e  s i m p l i f i c a t i o n ,  which should n o t  
des t roy  t h e  essent ia l  c h a r a c t e r  of t h e  phenomenon under i n v e s t i g a t i o n ;  t h a t  i s ,  
t o  e l i m i n a t e  t h e  r o l l  degree of freedom from t h e  problem. The c h a r a c t e r i s t i c  
polynomial t hen  becomes 
I3*S*  -h2k , -Db*S *-c* Y 1 2 *  
Ib*s* 2 +DT*S*, 1 b *S*2+ (DT*+Db*)S*+C*, -1 
- X * K 2 *  , - A * K l *  > s*+X* 
= o  (19) 
Two l i m i t i n g  cases  of equat ion (19) w i l l  now be considered.  
In  t h e  f i r s t  case i t  i s  assumed t h a t  t h e  i n e r t i a l  torques a c t i n g  on t h e  
main s a t e l l i t e  body a r e  of much g r e a t e r  magnitude than t h e  i n e r t i a l ,  thermal ,  
o r  damping torques a c t i n g  on t h e  boom, o r  
I I 3 * S * 2  I >> 
With t h e s e  cond i t ions  a c l o s e  approximation t o  equat ion (19) i s  
I K2* I 
The f irst  f a c t o r  of equat ion (20 )  r e p r e s e n t s  t h e  undamped yaw mode of t h e  main 
body of t h e  s a t e l l i t e ,  whereas t h e  second f a c t o r  shows t h e  in f luence  of t h e r -  
m a l  torques on s t a b i l i t y .  This second f a c t o r  i s  e s s e n t i a l l y  t h e  same as  t h e  
s t a b i l i t y  polynomia1,derived i n  r e fe rence  5, f o r  a boom r i g i d l y  clamped a t  one 
end. Although t h e  cond i t ions  imposed on t h e  parameters f o r  t h i s  case a r e  n o t  
r e p r e s e n t a t i v e  of t hose  f o r  t h e  s a t e l l i t e  under i n v e s t i g a t i o n ,  t h e  r e s u l t s  
allow con tac t  with t h e  work of r e f e r e n c e  5.  Note t h a t  f o r  t h i s  case t h e  
s t a b i l i t y  of t h e  s a t e l l i t e  i s  independent of K 2 .  Following r e fe rence  5,  t h e  
cond i t ions  f o r  s t a b i l i t y  of t h e  s a t e l l i t e  a r e  
1. 
K 1 *  < C* 
, .. 
If K 1 *  were n e g a t i v e  and of magnitude such t h a t  i n e q u a l i t y  (21) i s  no t  
s a t i s f i e d ,  then t h e  s a t e l l i t e  would be u n s t a b l e ,  and t h e  boom would appear t o  
have an o s c i l l a t o r y  divergence i n  t w i s t  a t  a frequency c l o s e  t o  t h e  n a t u r a l  
t o r s i o n a l  frequency of t h e  boom and n o t ,  i n  g e n e r a l ,  t h e  main body 
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n a t u r a l  yaw frequency. The main s a t e l l i t e  body would a l s o  be o s c i l l a t i n g  a t  
t h e  same frequency b u t  w i th  a much smaller amplitude.  
although n o t  t h a t  observed i n  f l i g h t ,  could occur i f  f o r  some reason t h e  t i p  
damper c o e f f i c i e n t  became ve ry  small. 
The s i t u a t i o n  desc r ibed ,  
I n  t h e  second case, it i s  assumed t h a t  t h e  to rques  from t h e  t i p  damper 
and boom t w i s t  are of much g r e a t e r  magnitude than t h e  i n e r t i a l  and damping 
torques a c t i n g  on t h e  boom, o r  
In  a d d i t i o n ,  it i s  assumed t h a t  A* i s  an o r d e r  o f  magnitude l a r g e r  than s * .  
These condi t ions are thought t o  be r e p r e s e n t a t i v e  of t h e  s a t e l l i t e  under 
i n v e s t i g a t i o n .  More experimental  d a t a  on t h e  booms are r equ i r ed  t o  v e r i f y  t h e  
above assumptions. With t h e s e  assumptions,  a c l o s e  approximation t o  
equat ion (19) i s  
I 3*~*2-hHk,  -c* , 1 
D ~ * s *  , DT*s*+c*, -1 
- K 2 *  , - K 1 *  9 1 
= o  
The expanded form of equat ion (22) i s  
Applying t h e  c r i t e r i o n  of r e f e r e n c e  10 t o  equat ion (23),  t h e  fol lowing condi- 
t i o n s  f o r  s t a b i l i t y  can be der ived.  
For t h e  type of s a t e l l i t e  under i n v e s t i g a t i o n  
t h e r e f o r e  i s  included i n  condi t ion (26).  The s t a b i l i t y  condi t ions then can be 
reduced t o  
h& < 0 ,  and condi t ion (25) 
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, 
I t  can be shown t h a t  i f  s t a b i l i t y  cond i t ion  (27) i s  n o t  s a t i s f i e d  ( K 1 *  > C * ) ,  
then t h e  system has a s imple d ive rgen t  mode. I f ,  on t h e  o t h e r  hand, s t a b i l i t y  
cond i t ion  (28) i s  n o t  s a t i s f i e d ,  t h e  system has  a d ive rgen t  o s c i l l a t o r y  mode. 
Thus i f  K2* = 0 and K 1 *  > C * ,  a simple divergence and a d ive rgen t  o s c i l l a t i o n  
occur s imultaneously.  In o t h e r  words, an u n s t a b l e  o s c i l l a t i o n  alone cannot b e  
produced by K 1 *  a lone.  However, when K 1 *  = 0 and K 2 *  < - C * ,  t h e  s t a b i l i t y  
cond i t ions  show t h a t  a d ive rgen t  o s c i l l a t i o n  occurs  unaccompanied by a s imple 
divergence. Apparently,  t h e r e f o r e ,  i f  only an u n s t a b l e  o s c i l l a t i o n  i s  
observed, i t  m u s t  be  due t o  a K2* effect  r a t h e r  t han  a K 1 *  ef fect .  A 
p a r t i c u l a r l y  important  p o i n t  t o  n o t e  about t h e  s t a b i l i t y  condi t ions i s  t h a t  
they are independent of 
changes i n  t h e  values  of any of t h e s e  parameters ,  w i t h i n  t h e  l i m i t s  of  t h e  
o r d e r  of magnitude assumptions, w i l l  n o t  s o l v e  t h e  problem. I t  remains t o  
determine t h e  frequency o f  t h e  u n s t a b l e  o s c i l l a t i o n .  Consider t h e  s p e c i a l  
case with K 1 *  = 0 and K 2 *  = - C * .  The s t a b i l i t y  cond i t ions  (27) and (28) show 
t h a t  t h e  system has a n e u t r a l l y  s t a b l e  o s c i l l a t o r y  mode. When K 2 *  < -C* 
t h i s  mode becomes u n s t a b l e .  To f i n d  t h e  frequency of t h i s  mode t h e  chosen 
values  of K 1 *  and K 2 *  a r e  s u b s t i t u t e d  i n t o  equa t ion  (23)  t o  g i v e  
A*,  h;k, I3* ,  and DT*. Thus, if i n s t a b i l i t y  occur s ,  
which can be f a c t o r e d  i n t o  t h e  form 
2 * 
(I3*S* - h;k)(DT S* + c*)  = 0 
The frequency of t h e  n e u t r a l l y  s t a b l e  mode i s  c l e a r l y  t h e  s a t e l l i t e  yaw 
frequency Jlh;k/13*I . Thus with K2* < -C* it would appear t o  an observer  
as i f  t he  s a t e l l i t e  were uns t ab le  i n  yaw. 
APPLICATION OF THE THEORY TO A SPECIFIC SATELLITE 
The p r i n c i p a l  c h a r a c t e r i s t i c s  of t h e  s a t e l l i t e  t o  be analyzed a r e  shown 
i n  t a b l e  1. Note, however, t h a t  t h e  va lues  given i n  t a b l e  1 f o r  C and Db 
are open t o  cons ide rab le  doubt.  I t  i s  known from tests performed on t h e  type  
of boom used on t h e  s a t e l l i t e  t h a t  t h e  v a r i a t i o n  of t w i s t  with appl ied to rque  
i s  non l inea r  f o r  small va lues  of t h e  t w i s t ,  because t h e  i n t e r l o c k i n g  t a b s  on 
t h e  boom e x e r t  c o n t r o l  over  t h e  c r o s s - s e c t i o n a l  warping i n  a non l inea r  way. 
Thus, f o r  small angles  o f  t w i s t  some of t h e  edges of t h e  t abs  a t t ached  t o  one 
s h e l l  of t h e  boom do n o t  touch t h e  edges of t h e  matching s l o t s  i n  t h e  o t h e r  
s h e l l  of t h e  boom and t h e r e f o r e  cannot e x e r t  c o n t r o l  over t h e  c r o s s - s e c t i o n a l  
warping. A s  t h e  app l i ed  torque i s  inc reased ,  t h e  t a b  edges p r o g r e s s i v e l y  
touch t h e  e x t r e m i t i e s  o f  t h e  s l o t s ,  o r  "lock up," and t h e  boom s t i f f n e s s  
i n c r e a s e s .  Adjustment of t h e  r e l a t i v e  s izes  of t a b s  and s l o t s  during manu- 
f a c t u r e  permits  some c o n t r o l  over t h e  boom t o r s i o n a l  c h a r a c t e r i s t i c s  i n  t h e  
region of incomplete lock up. In  fac t ,  a boom can be made with t h e  t a b  edges 
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TABLE 1.- CHARACTERISTICS OF SATELLITE AND ORBIT 
i n e r t i a  
1 P i t c h  moment of  
i n e r t i a  
Y a w  moment of  
i n e r t i a  
Wheel angular  
mom en t um 
Tip  damper 
c o e f f i c i e n t  
Bo om t o r s  i ona 1 
s t i f f n e s s  
Thermal torque  
g rad i  en t a 
Thermal torque  
grad i en ta 
Thermal l ag  
p a r  ame t e ra  
Boom p r e t w i s t  r a t e  
Boom ax ia l  moment 
of  i n e r t i a  
Boom damping 
coef f i  c ien  t 
O r b i t a l  angular  ra te  




u n i t s  
11 =kgm2 
I 2  = kgm2 
I3 = kgm2 
h 2 ~  = kgm2/s 
DT = nms 
c = nm2 
K 1  =nm/rad 
K 2  =nm/rad 
x = l/s 
lpre/L rad/m 
I b  = kgm2 
Db =nms 
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always bear ing  a g a i n s t  t h e  s l o t  e x t r e m i t i e s ,  t hus  minimizing the  t o r s i o n a l  
n o n l i n e a r i t i e s .  The boom used on t h e  s a t e l l i t e  was designed such t h a t  i t  had 
a low t o r s i o n a l  s t i f f n e s s  i n  a t w i s t  r eg ion  of  about 530'. 
o f  a similar boom was t e s t e d  and y i e lded  t h e  zero  t w i s t  va lue  o f  t o r s i o n a l  
s t i f f n e s s  of  0.024 nm2 used i n  t h e  a n a l y s i s .  When t h e  t w i s t  was such t h a t  a l l  
t h e  t abs  were locked, t h e  s t i f f n e s s  r o s e  t o  0 .42  nm2, o r  about 18 times l a r g e r  
than t h e  zero t w i s t  v a lue .  The p r i n c i p a l  u n c e r t a i n t i e s  i n  t h e s e  va lues  i s  
t h a t  no d a t a  are a v a i l a b l e  t o  show t h e  effects  o f  nonuniform boom temperature  
d i s t r i b u t i o n  and cont inuous t w i s t  c y c l e s ,  bo th  of  which occur  i n  ope ra t ion .  
The measured t o r s i o n a l  s t i f f n e s s  must depend t o  some e x t e n t  on "so l id"  f r i c -  
t ion,which may be  modif ied by t h e  continuous rubbing a c t i o n  dur ing  t h e  
t w i s t  cyc les .  A c u t t i n g  a c t i o n  between t h e  boom t a b s  and s l o t s  may a l s o  
occur ,  which could modify t h e  t o r s i o n a l  s t i f f n e s s  f o r  small va lues  of  t h e  
t w i s t .  No experimental  va lues  are a v a i l a b l e  f o r  t h e  boom s t r u c t u r a l  damping 
i n  t o r s i o n .  This i s  perhaps not  too  s e r i o u s  s i n c e  t h e  boom damping does n o t  
appear t o  be  a s i g n i f i c a n t  f a c t o r  i n  t h e  phenomenon i n v e s t i g a t e d  h e r e .  
va lue  of Db given i n  t a b l e  1 has been de r ived  from t h e  assumption t h a t  t h e  
12 







A = l/second 
_-- Roll mode 
Y O ~  mode 
\, 1 c = 0.024 nm2. K~ = o 
1 K~ = -0.0024 nm/rad 
-1 
-- '. 
boom, inc lud ing  t h e  o u t e r  sphere of t h e  t i p  damper, i s  c r i t i c a l l y  damped i n  
t o r s i o n .  
measurements made on o t h e r  types of boom. 
Damping o f  t h i s  o r d e r  of magnitude appears t o  be c o n s i s t e n t  with 
The s i t u a t i o n  with regard t o  values  of K 1 ,  K 2 ,  and A i s  perhaps even 
more d i f f i c u l t  than t h a t  of No experimental  work has  been pe r -  
formed from which K 1 ,  K 2 ,  and X can be obtained.  The va lue  of A f o r  a 
simple open overlap boom c ross  s e c t i o n  i s  known t o  be of t h e  o rde r  of l /second.  
Fo r tuna te ly ,  as i n  the case o f  Db, t h e  va lue  of h does n o t  seem t o  be t o o  
s i g n i f i c a n t .  Therefore .  i n  t h e  hope t h a t  t h e  va lue  of A f o r  a BISTEM boom 
w i l l  n o t  d i f f e r  t o o  much from l/second, the  range of values  of A considered 
has been r e s t r i c t e d  t o  0 . 3  t o  3/second, and when s p e c i f i c  r e s u l t s  are quoted,  
a value of A of l /second i s  used. 
C and Db. 
The va lues  of K 1  and K2 a r e  as important  as t h e  va lue  of C .  Although 
values  of K 1  and K 2  have been evaluated f o r  a simple open ove r l ap  c r o s s  sec- 
t i o n  they a r e  of no s i g n i f i c a n c e  s i n c e ,  l i k e  t h e  t o r s i o n a l  s t i f f n e s s ,  t hey  
must depend considerably on t h e  d e t a i l s  of t h e  boom c ross  s e c t i o n .  A l l  t h a t  
can be done i s  t o  t r ea t  K 1  and K 2  p a r a m e t r i c a l l y  and so determine va lues  
t h a t  r e s u l t  i n  dynamic i n s t a b i l i t y .  I t  i s  important  t o  no te  t h a t  K2 could 
depend on t h e  boom p r e t w i s t ,  as shown c l e a r l y  f o r  an open c r o s s - s e c t i o n  boom 
i n  f i g u r e  2 .  The p r e t w i s t  f o r  t he  boom flown i s  1.29 rad/m, o r  about f o u r  
t imes l a r g e r  than t h e  l a r g e s t  value shown i n  f i g u r e  2 .  The va lue  of K 2  f o r  
t h e  s a t e l l i t e  boom may t h e r e f o r e  be q u i t e  h igh .  Also, while t h e  va lue  of A 
c = 0.024 nm2, KI  = 0 
3 
Satellite tip damper 
coefficient 
I O O L  I I I l l  I I I 
0 .002 .004 ,006 ,008 ,010 ,012 ,014 
Tip damper coefficient. DT, nms 
Figure 3.- Variation of roll and yaw damping with tip 
damper coefficient. 
can be e s t a b l i s h e d  from t e s t s  on r e l a -  
t i v e l y  s h o r t  samples of boom t h i s  
technique may no t  be adequate f o r  
e s t a b l i s h i n g  values  of K 1  and K 2 .  
The complicating f a c t o r  h e r e  i s  t h a t  
t he  equ i l ib r ium t w i s t  of t h e  boom, f o r  
a given s a t e l l i t e  o r i e n t a t i o n  r e l a t i v e  
t o  t h e  sun, w i l l  d i f f e r  considerably 
from t h e  boom p r e t w i s t  on t h e  ground. 
The va lue  of t h e  equ i l ib r ium t w i s t  and 
t h e  a p p r o p r i a t e  values  of K 1  and K 2  
probably can be determined only from 
t e s t s  on a f u l l - s i z e  boom with f u l l y  
s imulated h e a t i n g  cond i t ions .  The 
p o s s i b i l i t y  of performing such a t e s t  
i s  d i scussed  i n  a l a t e r  s e c t i o n  of 
t h i s  r e p o r t .  
To provide a b a s i s  f o r  comparison 
with l a t e r  r e s u l t s ,  t h e  damping of t h e  
r o l l  and yaw modes of t h e  s a t e l l i t e  
have been c a l c u l a t e d  assuming t h a t  t h e  
thermal torque g r a d i e n t s  ( K 1  and K 2 )  
a r e  zero and t h e  s a t e l l i t e  i s  r i g i d  
(C = a). The r e s u l t s  of t h e s e  calcu-  
l a t i o n s  f o r  va r ious  values  of t h e  t i p  
damper c o e f f i c i e n t  a r e  given i n  f i g -  
u r e  3 ,  i n  which t h e  o r d i n a t e  i s  t h e  
13 
---- YOW mode, rigid boom damping t i m e  cons t an t  expressed as t h e  
number o f  o r b i t s  t o  3 6 . 8 %  ( l / e )  o f  t h e  
i n i t i a l  amplitude.  
u r e  3 shows t h a t  t h e  damping time con- 
s t a n t  i n  yaw ' is  0.23 o r b i t  and i n  
r o l l  10.4 o r b i t s .  I t  is c l e a r  t h a t  
t h e  r i g i d  s a t e l l i t e  i s  s a t i s f a c t o r i l y  
damped. The effect  of boom t o r s i o n a l  
s t i f f n e s s  on r o l l  and yaw damping is  
Tip domper coefficient = 0.007 nms shown i n  f i g u r e  4,  i n  which t h e  o r d i -  
n a t e  i s  t h e  rea l  p a r t  of t h e  p a r t i c -  
u l a r  r o o t  of t h e  s t a b i l i t y  polynomial 
being considered.2 I t  can be seen 
t h a t  t h e  damping of t h e  yaw mode i s  
much more s e n s i t i v e  t o  t h e  boom t o r -  
s i o n a l  s t i f f n e s s  than  i s  t h e  damping 
ness  g r e a t e r  t han  0.003 run2, t h e  damp- 
i n g  i n  yaw i s  w i t h i n  10% of i t s  va lue  
-.?- 
A t  t h e  design t i p  
-.6 - damper c o e f f i c i e n t  (0.007 nms) , f i g -  
r/ I I I I I I 7 of t h e  r o l l  mode. For t o r s i o n a l  s t i f f -  
0 .00 I .002 .003 .004 .a05 ,006 ,007 
Torsionol silffness. nm2 
when t h e  boom i s  r i g i d .  Thus with t h e  
t o r s i o n a l  s t i f f n e s s  of 0.024 nm2 
obtained from t h e  boom tes t  d a t a ,  t h e  
Figure 4.- Variation of roll and yaw damping with boom 
torsional stiffness. 
s a t e l l i t e  should have e s s e n t i a l l y  r i g i d  body va lues  f o r  t h e  r o l l  and yaw damp- 
ing .  Figure 3 shows t h a t  d i f f e r e n c e s  between t h e  damping of a s a t e l l i t e  with 
a r i g i d  boom and with a boom s t i f f n e s s  of 0.024 nm2 are very s l i g h t ;  f u r t h e r -  
more, t hese  d i f f e r e n c e s  occur  a t  ve ry  low values  of t h e  t i p  damper c o e f f i c i e n t .  
Analyses of t h e  r eco rds  of t h e  s a t e l l i t e  t r a n s i e n t  a t t i t u d e  behavior  fol lowing 
an e c l i p s e  shows t h a t  t h e  damping i s  somewhat g r e a t e r  t han  t h e  r i g i d  body 
v a l u e .  
assumed va lue .  
c l o s e  t o  t h e  r i g i d  body v a l u e ,  t h e  boom s t i f f n e s s  must be g r e a t e r  t han  about 
0 .003 nm2. 
p o s s i b i l i t y  . 
K 1  = 0 ,  K2 = -0.0024 nm/rad and A = l /second while 
maintaining t h e  boom t o r s i o n a l  s t i f f n e s s  a t  t h e  measured va lue  of 0.024 nm2 i s  
shown i n  f i g u r e  3 .  
c i e n t  i n v e s t i g a t e d  t h e  s a t e l l i t e  i s  u n s t a b l e  i n  yaw. 
quency of t h e  yaw mode i s  almost i d e n t i c a l  t o  t h e  r i g i d  body va lue .  
l ists  t h e  frequencies  and damping time cons tan t s  (or  d ive rgen t  t ime cons t an t s )  
of t h e  r o l l  and yaw modes, f o r  t h e  design va lue  of t h e  t i p  damper c o e f f i c i e n t .  
Another important e f f e c t  of i nc lud ing  t h e  thermal torques i s  t h a t  t h e  r o l l  
mode damping i s  reduced ( f i g .  3 ,  t a b l e  2 ) .  I t  i s  shown i n  f i g u r e  3 t h a t  
This could occur  i f  t h e  t i p  damper c o e f f i c i e n t  was l a r g e r  than t h e  
Perhaps of g r e a t e r  importance,  because t h e  observed damping i s  
Thus t h e  assumed s t i f f n e s s  va lue  of 0.024 nm2 is a t  least  a 
The effect  of s e t t i n g  
Over t h e  complete range of va lues  of t h e  t i p  damper c o e f f i -  
Furthermore, t h e  f re-  
Table 2 
, 
2The r e l a t i o n s h i p  between t h e  damping time cons t an t  and t h e  real  p a r t  of 




2 ~ r ( r e a l  p a r t  of r o o t )  damping t ime cons t an t  = 
1 4  
TABLE 2.- FREQUENCY AND DAMPING OF THE ROLL AND YAW MODES 
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o s c i l l a t i o n s  
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( l / e  o r  e) x amp 
- . - ~. 
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~. 
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whereas t h e  damping of t h e  r o l l  mode i n c r e a s e s  s l i g h t l y  with i n c r e a s i n g  t i p  
damping c o e f f i c i e n t ,  t h e  yaw mode d i s p l a y s  no corresponding tendency toward 
s t a b i l i t y  . 
The e f f e c t  of varying K 2  on t h e  s t a b i l i t y  of t h e  r o l l  and yaw modes i s  
shown i n  f i g u r e  5.  The t i p  damper c o e f f i c i e n t  and boom s t i f f n e s s  are t h e  
design v a l u e s ,  while  K 1  = 0 ,  and A = l /second. I t  can be seen from f i g u r e  5 
t h a t  t h e  damping of both t h e  r o l l  and t h e  yaw modes dec reases  as K 2  becomes 
more nega t ive .  For va lues  of  K2 l e s s  than -0.00192 nm/rad t h e  s a t e l l i t e  i s  
u n s t a b l e  i n  yaw; f o r  va lues  of Kg l e s s  than -0.0026 nmlrad, t h e  r o l l  mode 
a l s o  becomes u n s t a b l e .  The r o l l  divergence,  however, always has  a much longer 
time cons t an t  than t h e  yaw divergence.  A t  K 2  = -0 .003 nm/rad, f o r  example, 
t h e  r a t i o  of t h e  two t i m e  cons t an t s  i s  1 6 2 : l .  
Tlp damper coefflclent = 0.007 n m s  
Torsional stiffness = 0.024 nm2 
K I  = 0 
- . e  X = l/second -,.F\ ,Yaw mode 
b 
.'O -.001 -.002 -.003 
K p ,  nm/rad 
Figure 5.- Variation of roll and yaw damping with K, . 
I -  
Tip damper coefficient = 0.007 nms 
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K ,  = 0 .0005 nm/rad 
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Computed from equation (17) 
--- K l  - K 2  = 
I I I 
I 2 3 
Time log parameter A, I/second 
S t a b i l i t y  boundaries  f o r  t h e  
s a t e l l i t e  are shown i n  f i g u r e  6.  The 
boundaries are p resen ted  t o  demon- 
s t ra te  t h e  i n f l u e n c e  of t h e  poor ly  
known q u a n t i t i e s  K 1 ,  K 2 ,  and A .  I t  
i s  clear from f i g u r e  6 t h a t  t h e  t i m e -  
l ag  parameter A i s  n o t  a c r i t i c a l  
f a c t o r  i n  dec id ing  t h e  s t a b i l i t y  of  
t h e  s a t e l l i t e .  This r e s u l t  ag rees  
wi th  t h e  a n a l y s i s  of t h e  s i m p l i f i e d  
s t a b i l i t y  polynomial p re sen ted  i n  the  
p rev ious  s e c t i o n .  Thus, when K1 = O ,  
a va lue  of K2 which i s  less (more 
nega t ive )  t han  -0.00192 nm/rad w i l l  
d r i v e  t h e  s a t e l l i t e  u n s t a b l e  i r re -  
s p e c t i v e  of t h e  va lue  of A ,  a t  least  
f o r  a l l  va lues  o f  A g r e a t e r  than 
the  lowest va lue  (0.  S/second) consid- 
e r e d .  T h e e f f e c t  of l a r g e r  values  of 
K1 
a l s o  been explored.  The r e s u l t s  agree 
c l o s e l y  with those  of t h e  previous 
than those  shown i n  f i g u r e  6 has Figure 6.- Stability boundaries as functions of K1, 
K2, and A. 
s e c t i o n  and show t h a t  t h e  s a t e l l i t e  can be made u n s t a b l e  i n  yaw with va lues  of 
K1 g r e a t e r  than a3out 0.00192 nm/rad, even with K2 = 0 .  As p r e d i c t e d ,  t h e  
o s c i l l a t o r y  yaw i n s t a b i l i t y ,  i n  t h i s  case, i s  always accompanied by a s imple 
divergence type of i n s t a b i l i t y .  
t h e  boom probably would diverge i n  t w i s t  t o  a new equ i l ib r ium cond i t ion .  This 
new equi l ibr ium cond i t ion  would be d i c t a t e d  by t h e  extremely non l inea r  charac- 
t e r i s t i c s  of t h e  boom. 
I f  t h i s  s i t u a t i o n  were t o  occur i n  f l i g h t ,  
The new equ i l ib r ium t w i s t  would have a s s o c i a t e d  with 
X = I /second i t  new va lues  o f  K1 and K2, which 
may o r  may n o t  promote o s c i l l a t o r y  
i n s  t a b  i 1 i t y  . 
Top damper coefficient = 0.007nms 
I t  fol lows from t h e  approximate 
s t a b i l i t y  c r i t e r i a  given by inequa l -  
i t i e s  (27)  and (28)  t h a t  a p o s s i b l e  
way of s t a b i l i z i n g  t h e  s a t e l l i t e  i s  
t o  i n c r e a s e  t h e  t o r s i o n a l  s t i f f n e s s  
of t h e  boom. However, t h i s  i n c r e a s e  
must n o t  be accompanied by a c o r r e -  
sponding i n c r e a s e  i n  t h e  va lues  of 
K1 and K2. The effect  of boom t o r -  
s i o n a l  s t i f f n e s s  on t h e  s t a b i l i t y  of 
t h e  r o l l  and yaw modes i s  shown i n  
f i g u r e  7 f o r  two sets of values  of 
K1 and K2. I t  can be seen t h a t  t h e  
approximate s t a b i l i t y  c r i t e r i a ,  i n d i -  
cated by t h e  arrows, p r e d i c t s  t h e  
onse t  of yaw i n s t a b i l i t y  a c c u r a t e l y .  
- 1  - 
KI  = 0, K2 = -0.0024 nm/rod 
KI = 0 0 0 0 5  "rad, 
K2= -0.0024 nm/rod 
Satellite boom stiffness 
Boom torsional stiffness, C, nm2 
Figure 7.- Influence of torsional stiffness on the damping 




Another p o s s i b l e  way of  removing 
t h e  s a t e l l i t e  i n s t a b i l i t y  i s  t o  add a 
p a s s i v e  damper t o  t h e  main body. 
This  damper could t ake  t h e  form o f  a 
c losed  v e s s e l ,  r i g i d l y  mounted a t  t h e  
end of  a s h o r t  boom (say 1 m long) ,  
and con ta in ing  a b a l l  f ree  t o  move 
through a v iscous  f l u i d .  For t h i s  
type  o f  arrangement DR = Dy; i f  t h e  
boom i s  mounted along t h e  p i t c h  a x i s ,  
i R  = i The r e s u l t s  o f  a p r e l i m i -  
nary  i n v e s t i g a t i o n  i n t o  t h i s  k ind  o f  
damper are given i n  f i g u r e  8, which 
shows t h e  minimum damper b a l l  i n e r t i a ,  
about t h e  main body c e n t e r  o f  mass, 
needed t o  s t a b i l i z e  t h e  s a t e l l i t e .  
For va lues  o f  K 2  between 
-0.00192 nm/rad and -0.0026 nm/rad, 
i t  i s  necessary  only t o  s t a b i l i z e  t h e  
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K 2 ,  nm/rod with  a very  smal l  damper. For va lues  
i I 
of K2 less than  -0.0026 nm/rad, t h e  
r o l l  mode must a l s o  be  s t a b i l i z e d  and; 
i n  f a c t ,  becomes t h e  major f a c t o r  i n  
Figure 8.- Minimum damper inertia for stability. 
determining t h e  s i z e  of t h e  damper. Thus, wi th  K 2  = -0.0026 nm/rad, t h e  
damper i n e r t i a  r e q u i r e d  t o  s t a b i l i z e  t h e  s a t e l l i t e  i s  only 0 . 4 5  kg/m2, whereas 
with 
e i g h t  times l a r g e r .  
K 2  = -0 .0035 nm/rad t h e  i n e r t i a  r e q u i r e d  becomes 3.50 kg/m2, o r  about 
SUGGESTED TEST FOR YAW INSTABILITY 
I t  appears f e a s i b l e  t o  t e s t  whether f u t u r e  semipassive s a t e l l i t e s  o f  t h e  
type  considered i n  t h i s  paper  will have yaw i n s t a b i l i t i e s  due t o  thermal ly  
induced boom t o r s i o n .  The suggested t e s t  appara tus  i s  shown i n  f i g u r e  9 .  The 
proposed technique  e x p l o i t s  t h e  f a c t  t h a t  t h e  yaw i n s t a b i l i t y  i s  a f f e c t e d  only  
s l i g h t l y  by t h e  presence  of  t h e  r o l l  degree  of freedom. Therefore ,  a meaning- 
f u l  t e s t  can be  performed us ing  an appara tus  t h a t  d u p l i c a t e s  t h e  e s s e n t i a l  
f e a t u r e s  of  t h e  dynamics of t h e  s a t e l l i t e  wi th  i t s  r o l l  motion suppressed.  I t  
i s  important  t o  r eca l l  t h a t  t h e  onse t  of yaw i n s t a b i l i t y  i s  independent o f  t h e  
yaw i n e r t i a  of t h e  s a t e l l i t e ,  t h e  t i p  damper c o e f f i c i e n t ,  and t h e  angular  
momentum o f  t h e  wheel - provided these  q u a n t i t i e s  s a t i s f y  c e r t a i n  o rde r  o f  
magnitude r e l a t i o n s h i p s .  This  c h a r a c t e r i s t i c  a l lows t h e  des igne r  of  t h e  t e s t  
appara tus  cons ide rab le  l a t i t u d e  i n  s e l e c t i n g  an arrangement compatible  wi th  
t h e  a v a i l a b l e  equipment. 
A s  shown i n  f i g u r e  9 , t h e  gyroscopic  to rque  can be  s imula ted  by means of  a 
t o r s i o n  wire  suspens ion .  The boom should be  t h e  f l i g h t  a r t i c l e ;  i f  t h i s  i s  
n o t  p o s s i b l e ,  however, i t  should  be  a d u p l i c a t e  of  t h e  f l i g h t  a r t i c l e  and, i n  
p a r t i c u l a r ,  should have t h e  same p r e t w i s t .  The f l o a t  a t  t h e  bottom s e r v e s  two 
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Figure 9.- Laboratory test to  determine whether satellite 
will have yaw instability from thermally induced 
torsion. 
f u n c t i o n s .  F i r s t ,  it provides  
r o t a t i o n a l  damping of t h e  boom t i p  
and thus  s imula t e s  t h e  magnet ical ly  
anchored damper. Second, i t  s u p p l i e s  
a buoyant f o r c e  s u f f i c i e n t  t o  r e l i e v e  
t h e  t e n s i l e  load on t h e  boom. This 
f o r c e  could a l t e r  t h e  t o r s i o n a l  prop- 
e r t ies  of t h e  boom, p a r t i c u l a r l y  t h e  
equ i l ib r ium t w i s t .  
The apparatus  should be loca ted  
s o  t h a t  i t  can be heated from one 
s i d e .  Standard i n f r a r e d  h e a t  lamps 
have been found t o  be s u i t a b l e  
( r e f .  5 ) .  I f  i s  p a r t i c u l a r l y  d e s i r -  
a b l e  t o  be a b l e  t o  move t h e  lamps 
c l o s e  t o  t h e  boom so  as t o  submit i t  
t o  a h e a t  f l u x  g r e a t e r  than t h e  s o l a r  
h e a t  f l u x .  This would g ive  assurance 
t h a t  t h e  i n s t a b i l i t y  i s  no t  i n c i p i e n t  
when t h e  h e a t  f l u x  i s  equal t o  t h e  
s o l a r  h e a t  f l u x .  
I t  i s  p o s s i b l e  t h a t  t h e  r e s u l t s  
could be i n v a l i d a t e d  by t h e  presence 
of aerodynamic fo rces  due both t o  t h e  
motion of t h e  t es t  specimen and con- 
v e c t i o n  c u r r e n t s  from t h e  h e a t  lamps. 
For t h i s  r eason ,  i t  might be d e s i r -  
a b l e  t o  perform t h e  t e s t  a t  reduced 
a i r  d e n s i t i e s  i n  a f a c i l i t y  similar 
t o  t h e  Ames S t r u c t u r a l  Dynamics 
Laboratory, where t h e  a i r  p re s su re  can 
e a s i l y  be reduced t o  a few m i l l i m e t e r s  
of mercury. 
I t  was observed t h a t  t h e  p e c u l i a r  a t t i t u d e  behavior  of many g r a v i t y -  
s t a b i l i z e d  s a t e l l i t e s  d i d  n o t  s t a r t  immediately a f t e r  t h e  booms had been 
e r e c t e d .  There are two p o s s i b l e  explanat ions f o r  t h i s  f a c t :  f i r s t ,  a t  t h e  
time t h e  booms were e r e c t e d ,  t h e  s o l a r  f l u x  was no t  i n  t h e  d i r e c t i o n  t h a t  pro- 
motes i n s t a b i l i t y  ( f i g .  2 ) ;  and second, f r i c t i o n a l  f o r c e s  wi th in  t h e  boom d i s -  
s i p a t e  with time (and presumably boom motion).  
considered i n  t e s t i n g  f o r  t h e  i n s t a b i l i t y .  
reduced by o s c i l l a t i n g  t h e  apparatus  f o r  some time a t  an amplitude we l l  below 
t h a t  which w i l l  cause any l o c a l  buckling of t h e  boom. 
i n s t a b i l i t y  must cover a l l  p o s s i b l e  s o l a r  f l u x  d i r e c t i o n s  i n  a plane t r a n s -  
v e r s e  t o  t h e  boom. This requirement could be met by a ve ry  slow continuous 
r o t a t i o n  of t he  t o r s i o n  wi re  suppor t ,  with c a r e  taken t o  ensure t h a t  t h e  time 
f o r  one r evo lu t ion  i s  s u f f i c i e n t l y  long f o r  t h e  d e t e c t i o n  of i n s t a b i l i t i e s .  
Both t h e s e  f a c t o r s  should be 
The f r i c t i o n a l  fo rces  could be 




CONCLUSIONS AND RECOMMENDATIONS 
The r e s u l t s  o f  an i n v e s t i g a t i o n  t o  determine if t h e  observed i n s t a b i l i t y  
of a semipassive g r a v i t y - s t a b i l i z e d  s a t e l l i t e  may be caused by the rmoe las t i c  
torques i n  t h e  boom leads t o  t h e  fol lowing conclusions and recommendations. 
1. Thermoelastic torque g r a d i e n t s  may e x i s t  with r e s p e c t  t o  both boom 
t w i s t  and r o t a t i o n  of t h e  e n t i r e  boom about i t s  a x i s .  The l a t t e r  e f f e c t  
depends s t r o n g l y  on boom p r e t w i s t .  
b i l i z e  t h e  s a t e l l i t e  i n  yaw and, i f  they a r e  l a r g e  enough, i n  r o l l .  
Both types o f  t o rque  g r a d i e n t  can d e s t a -  
2. If t h e  the rmoe las t i c  torque g r a d i e n t  w i th  r e s p e c t  t o  boom t w i s t  
causes an o s c i l l a t o r y  i n s t a b i l i t y ,  t h e r e  i s  always an accompanying simple 
divergence. For t h i s  reason,  any observed s a t e l l i t e  i n s t a b i l i t y  mus t  be  asso- 
c i a t e d  with the rmoe las t i c  torque g r a d i e n t s  with r e s p e c t  t o  t h e  r o t a t i o n  of t h e  
e n t i r e  boom . 
3 .  The presence,  o r  absence, of t h e  i n s t a b i l i t y  i s  independent of t h e  
thermal time cons t an t  of t h e  boom. 
4 .  I f  t h e  boom t o r s i o n a l  s t i f f n e s s  i s  inc reased  s u f f i c i e n t l y ,  t h e  
i n s t a b i l i t y  w i l l  be suppressed.  
5 .  A body-mounted pass ive  damDer i s  an a t t r a c t i v e  method of suppressing 
t h e  i n s t a b i l i t y ,  provided such i n s t a b i l i t y  e x i s t s  i n  yaw only.  
6 .  I t  i s  recommended t h a t  t h z  booms used on f u t u r e  s a t e l l i t e s  be as 
t o r s i o n a l l y  s t i f f  as p r a c t i c a b l e  and have as l i t t l e  p r e t w i s t  as p o s s i b l e .  
7 .  P r i o r  t o  t h e  launch of f u r t h e r  s a t e l l i t e s  of t h i s  type,  i t  i s  
recommended t h a t  a dynamic tes t  be performed of t h e  type  descr ibed i n  t h i s  
paper.  This t es t  would e s t a b l i s h ,  d i r e c t l y ,  whether t h e  i n s t a b i l i t y  i s  l i k e l y  
t o  occur under f l i g h t  cond i t ions .  
Ames Research Center 
Nat ional  Aeronautics and Space Adminis t ra t ion 




2 .  
3.  
4 .  
5 .  
6 .  
7.  
8. 
9 .  
1 0 .  
Raymond, Frederick W . ;  Wilhelm, Peter G . ;  and Beal, Robert T . :  Gravi ty  
Gradient F l i g h t  Experience Acquired With t h e  Naval Research Lab 
S a t e l l i t e s .  Proc.  Symposium on Gravi ty  Gradient  A t t i t u d e  S t a b i l i z a t i o n ,  
3-5 December 1968, A i r  Force Rep. SAMSO TR 69-307, pp. 4-39 t o  4-59. 
Foulke, H . :  E f f e c t  of Thermal F l u t t e r  on Gravi ty  Gradient  S t a b i l i z e d  
Spacec ra f t .  Proc. Symposium on Gravi ty  Gradient  A t t i t u d e  S t a b i l i z a t i o n ,  
3-5 December 1968, A i r  Force Rep. SAMSO TR 69-307, pp. 3-1 t o  3-15. U 
Connell, Gary M . :  The Ef fec t s  of Boom F l u t t e r  and Magnetic Dipoles on 
on Gravi ty  Gradient  A t t i t u d e  S t a b i l i z a t i o n ,  3-5 December 1968, A i r  
Force Rep. SAMSO TR 69-307, pp. 3-31 t o  3-42. 
t h e  A t t i t u d e  S t a b i l i t y  of Gravity-Gradient S a t e l l i t e s .  Proc. Symposium ).. 
Fr i sch ,  Harold P . :  Coupled Thermally-Induced Transverse P l u s  Tor s iona l  
NASA TR R-333, Vibrat ions of a Thin-Walled Cylinder  of Open Sec t ion .  
1970. 
Beam, Richard M . :  On t h e  Phenomenon of Thermoelastic I n s t a b i l i t y  
(Thermal F l u t t e r )  of Booms With Open Cross Sec t ion .  NASA TN D-5222, 
1969. 
Merrick, Vernon K . :  I n s t a b i l i t y  of Slender  Thin-Walled Booms Due t o  
Thermally Induced Bending Moments. NASA TN D-5774, 1970. 
Katucki, R .  J . ;  and Moyer, R .  G . :  Systems Analysis  of a Class of 
Gravity-Gradient S a t e l l i t e s  U t i l i z i n g  Viscous Coupling Between Ea r th ’ s  
Magnetic and Gravi ty  F i e l d s .  
S t a b i l i z a t i o n ,  Ames Research Center ,  Moffet t  F i e l d ,  C a l i f o r n i a ,  
May 10-11, 1965, NASA SP-107, pp. 55-72. 
Symposium on Pass ive  Gravity-Gradient 
Merrick, Vernon K . :  Some Control Problems Associated With Earth-Oriented 
S a t e l l i t e s .  NASA TN D-1771, 1963. 
Boley, B .  A . ;  and Weiner, J .  H . :  Theory of Thermal S t r e s s e s .  John  
Wiley and Sons, I n c . ,  1960. 
Popov, E .  P . :  The Dynamics of Automatic Control  Systems. Pergamon Press, 
Reading, Mass., Addison-Wesley Pub. Co.,  I n c . ,  1962, Ch. V I I ,  Sec- t 
t i o n  29, t r a n s l a t i o n  from t h e  Russian, e d i t e d  by A .  D .  Booth. 
4’ 
20 NASA-Langley, 1971 - 31 A-3881 
I 111 1llllll 1 lIlIm11111l l1l1l11l1l 
i 
l ATIONAL AERONAUTICS AND SPACE ADMINISTRAT I O N  
WASHINGTON, D. C. 20546 
OFFICIAL BUSINESS 
PENALTY FOR PRIVATE USE $300 
FIRST CLASS MAIL 
POSTAGE AND FEES PAID 
NATIONAL AERONAUTICS AND 
SPACE ADMINISTRATION 
025 001 C 1  U 3 1  710813 S00903DS 
DEPT OF THE A I R  FORCE 
AF SYSTEMS COflMAND 
A F  WEAPONS LAB (WLOL) 
ATTN: E LOU BOWMAN, C H I E F  TECH LIBRARY 
K I R T L A N D  AFB NB 87117 
POSTMASTER : If Undeliverable (Section 158 Postal Manual) Do Not Return 
'The  aeronautical and space activities of the United States shall be 
conducted so as to  contribute , . . to the expansion of human knowl- 
edge of phenomena in the atmosphere and space. The Administration 
shall provide for the widest practicable and appropriate dissemination 
of infomation colzcerning its activities and the restilts thereof." 
._. .: -NATIONAL AERONAUTICS AND SPACE ACT OF 1958 
NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS 
TECHNICAL REPORTS: Scientific and 
technical information considered important, 
complete, and a lasting contribution to existing 
TECHNICAL TRANSLATIONS: Information 
published in a foreign language considered 
to merit NASA distribution in English. 
knowledge. 
SPECIAL PUBLICATIONS: Information 
TECHNICAL NOTES: Information less broad 
in scope but nevertheless of importance as a 
contribution to existing knowledge. 
TECHNICAL MEMORANDUMS: 
Information receiving limited distribution 
because of preliminary data, security classifica- 
tion, or other reasons. 
CONTRACTOR REPORTS: Scientific and 
technical information generated under a NASA 
contract or grant and considered an important 
contribution to existing knowledge. 
derived from or of value to NASA activities. 
Publications include conference proceedings, 
monographs, data compilations, handbooks, 
sourcebooks, and special bibliographies. 
TECHNOLOGY UTILIZATION 
PUBLICATIONS: Information on technology 
used by NASA that may be of particular 
interest in commercial and other non-aerospace 
nppl ica t ions. Publications include Tech Briefs, 
Technology Utilization Reports and 
Technology Surveys. 
Details on the availability of these publications may be obtained from: 
SCIENTIFIC AND TECHNICAL INFORMATION OFFICE 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
Washington, D.C. PO546 
